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- Longitudinal spin program
- Transverse spin program



R-HI
New state of matter
QGP

De-confinement

polarized proton
Nucleon Spin Structure
Spin Fragmentation

pQCD

RHIC is a QCD lab
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Experimental Observables

Asymmetries ©
— PHENIX and STAR: all k =

— BRAHMS: transverse beams only
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The PHENIX Detectors

Philosophy:

High rate capability to measure rare probes,

limited acceptance.

2008

* 2 central spectrometers

— Track charged particles and detect
electromagnetic processes

e 2 forward muon spectrometers
— ldentify and track muons

2 forward calorimeters (as of 2007!)
— Measure forward pions

e Relative Luminosity
— Beam-Beam Counter (BBC)

— Zero-Degree Calorimeter (ZDC)
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The STAR Detectors

STAR Detector

Silicon DVertex

Coils Magnet

E-M
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Time Projection
Chamber

Time 0f
Flight

Electronics
Platforms

Forward Time Projection Chamber

Time Projection Chamber  |n|<1.6
Forward TPC 2.5<|n|<4.0
Silicon Vertex Tracker Inl<1
Barrel EMC Inl<1
Endcap EMC 1.0< n <2.0
Forward Pion Detector 3.3<|n|<4.1

Forward Meson Spectr. 2.5<n <4
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BRAHMS Experimental Setup

Mid Rapidity Spectrometer

TPW2 — ===

| Time Of Flight Wall
e Mulfiplicity Arrays

Beam-Beam Counters
& Zero Degree Calorimeters

B  Time Projection Chamber
[  Drift Chamber
| 1 Cherenkov Detector
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2002

2003

2004

2005

2006

2007

2008
2009

Pol L(pbA-1)
15% 0.15
30% 1.6
40% 3.0
50% 13

60% 46

50% 20
500GeV/200GeV

RHIC Spin Run History

Results

first pol. pp collisions!

pi*0, photon cross section,
A_LL(pi~0)

absolute beam polarization
with polarized H jet

large gluon pol. ruled out

(PAM x L=0.8) .
first long spin run
(PM x L=06)

no spin running
(short) run

Nucleon pair luminosity L NN [pb'I]

first W measurements

Run9 500 GeV

/

70 PHENIX (singles corrected) 74
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Weeks into run



Part I: Longitudinal Spin Physics Program

The proton is viewed as being a "bag"” of
bound quarks and gluons interacting via QCD

Spins + orbital angular momentum need
to give the observed spin 1/2 of proton

2 8
RS
Fairly well measured
only ~30% of spin

Beginning to be measured
at RHIC A future challenge




Ag and Polarized p+p Collisions
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Pion production and NLO pQCD
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* NLO QCD Calculation Cross-sections consistent with
Data

--- CTEQ6M pdf

--- KKP and Kretzer Fragmentation Fcns
* Necessary Confirmation that pQCD can be used
successfully at RHIC to extract spin dependent pdf’s
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Measuring A,

oyr+0_ PP, Niy+ RN, _

A _ O4 4+ — 04— 1 1\’"_’__’_ — Ri\":_i__
Ll —

+ - = Opposite helicity = =9 €= + = €=
++ = Same helicity = = €=+ =

* Helicity Dependent Particle Yields (N)
e 1!, w, ", y, M, etc

* Polarization (P)

* Relative Luminosity (R=L,,/L,))
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Neutral Pion A,

Hard

Large cross section R - . Scattering s
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Data jets

Detector

Particle

Jet reconstruction in STAR

Jet direction

MC jets

GEANT

PYTHIA

Midpoint cone algorithm
(Adapted from Tevatron Il - hep-ex/0005012)

e Seed energy = 0.5 GeV

e Cone radius in n-¢
e R=0.4 with 0.2 <1 < 0.8 (till 2005)
e R=0.7 with -0.7 <1 < 0.9 (since ‘06)

e Splitting/merging fraction f=0.5

Use PYTHIA + GEANT to
qguantify detector response
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Essential benchmark — unpolarized cross sections

*jAR PRL 97, 152302

*TAF{ PRL 97, 252001
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* Mid-rapidity jet cross section is consistent with NLO pQCD over 7 orders of

magnitude

* Forward rapidity n° cross section also consistent with NLO pQCD

* Many other examples

 pQCD works over a very broad kinematic range at RHIC energies




STAR inclusive jet A, from Run 6

AR

A, [ 4 2006 STAR Preliminary
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e Run 6inclusive jet A results exclude many polarized parton fits
that include large gluon polarizations
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RHIC data and Ag

 PHENIX piO
 STAR inclusive jets
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Impact of RHIC-Spin Program on Ag

* Prior to RHIC-Spin Program, Ag = 1~2 expected at scale of 1GeV
— Restored consistency between data and quark model predictions
* Major impact of program
— such large values of Ag seem to be excluded
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: ./':‘ _________ "~ \ | i
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4210 n all data sets 1 —+—+— PHENIX 15 - M .
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405 |- —r . C -
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- 1 -4 5 [ =++ GRSV min. Ag : : J .02
395 | Jr § -2 1
- 1F ] 10 10
: 1 1 1 (al) : N ] 0 X
-0.2 0 0.2 o _ _
Agh100502] It is interesting to note that the best fit has
a zero-crossing at x = 0.1.
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Future New Probes @RHIC: Ag

 Polarized hadron collisions

— double longitudinal spin asymmetry

O_++ _O_+— . dAO-Cd
ALL - s +— OCAfA ('xa’Qz)@AfBb(xb’Qz)@—ab
o - dt
— leading-order gluon interactions — }:’<: }}
 direct-photon production Versus

* heavy-flavor production

e Other channels (light hadrons etc.)

proton
- or &

- or &
proton beam

007 6\0‘0“0*5
gluon ]

s

| heavy flavor

le

S =

proton bﬁﬁﬂL%
-2 or €

poluon
o

hoton

= or &
proton beam
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Latest News: W* Production and A; @500GeV

W+ Production
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Polarized Parton Distributions

x(Ad+Ad)

. XAu

2 b
— DSSV

| — DNS
--- GRSV

— DSSVAY’=1 {
DSSV Ay?=2%

I xAd

[ XAs

GRSV maxg
[ -~ GRSV ming :

Bj

DIS:

— Valence quark
distributions well
determined

— Flavor separated sea
quark distributions are
not accessible

SIDIS:

— Can access in semi-
inclusive DIS

— Rely on fragmentation
functions

p+p:

— Accessible through
parity violating W
production
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Two ways to get W*/-->|*/+v in PHENIX

Central Rapidity: |n|<0.35

— Measure electron in the central arms

EMCal
Determine charge sign from tracking

Forward/Backward: 1.2<n<2.4

Measure muon in muon arms

W dominates muon signal above 20
GeV

For measurement, we require:
 Ability to trigger on high momentum
* Hadron background reduction

Upgrading PHENIX for this purpose

\\\\\\

PHENIX Detector
PC3 r([’cs

Central
Magnet

West Beam View

v

Present tr
threshold

Muon p;spectra in the Muon Arms
: (2000 [1/pb], from PYTHIAS.7)

10 ? W boson

) 10°
igger, -

10

10 15 20 25 30 35 40 45
ph(GeV/c)
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First Results (W*/-—>e*/)

PHENIX Detector
~a

N 1
- [(Yyes LLLTN

Run9 was first 500 GeV run
— P=40%, L=~10 pb'!

— First measurement of
W->e for |n|<0.35

EMCal:

— High energy trigger
* Reduces hadron
contamination

DC / PC §1o‘ - + Raw counts (Charge combined)
<] =
°

(EMCal cluster associated with track)
— Data driven BG estimation

— Charge sign determination 0 O PV THIA (normatizot)
Background ke PHTENIX

— vy conversions and hadrons.

— Normalized to yield in :
pr=10-20 GeV 13

Preliminary

60 70
pT[GeV/c]
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counts

10°

102

10

-

© THHII L IIIIIHI

Measuring A

For asymmetry, use additional
isolation cut

— Background reduced
Non-zero asymmetry found

Agrees within large statistical
uncertainty

Not corrected for Z, DY

In future, VTX will allow better
background determination

T l]lllﬂl T T TTTIT

LI T”lﬂ[

- Positive charge

- + EMCal cluster associated with track

- Isolation cut (E__<2GeV)
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T Prelimi

+ reliminary
’rJ“f 1

f

t

lllrlLllJ|lJlJ|lAl

60 70
pT[GeV/c]
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0.2
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I " dilution 1.11:0.04
osf .

llllllllllllllll ll[lllllllllllllllllll
'10\9‘30 35 40 45 50 55 60

PH ENIX P, [GeV/c]
% E -_ Negative charge
10° ~ + EMCal cluster associated with track
= - + Isolation cut (E__<2GeV)
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- + H
o ;_ ++JrJr ++++J[ + Preliminary
E Hﬂﬁ b |
i T 4
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STAR W/ -> et/ +v Measurements

 W->e+v signal event

U Event display (W event candidate) and detector signature

BTOW response

> T U

274

3o 2
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B -

28%
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e B
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ya e = z

~ R g

£ e, &

—_—— ) 8
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P

A - Ny

4 >
P ™

- q_; _;n‘l‘- . :/'f ‘@\:‘.‘.
We found ; T A /RC tr’ack%flféndédm's‘;x
- SN )

/ £ BTOW
~600 of those i L S |8
. | B Y iy I
kinds of | - N 1
| e ! - ‘}'—— -
events! L ] | ‘ oS ik
/ i\ L { YN
V— — i 4\ Y o
W [y — A B
y f'/ NS | "’- b
NN N\
~ — 7_ . - \‘( N pe 7
S — \\—__'\..l—___?“
_ i — =

 QCD background event

U Event display (Di-Jet event candidate) and detector signature

We recorded
and rejected
~15M of those
kinds of events!
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STAR W*/- Results

High pT electrons

Counts

L ] Al T l LA .

L l \J LI | ' L.

Run 9 smg Preliminary \'s =500 GeV

ptp > W —e +V,

electron n|<1
! —— W candidates

S/B~6

software threshold

10 20 30 40 S0 60
EMC cluster E, (GeV)

—#- Backg. subtr W

70

Counts

'1"'[7"

Run 9 STAR Preliminary \'s = 500 GeV
ptp->W —e*+ Vvl
positron jf <1

10 20 30 40 S50 60 70
EMC cluster E, (GeV)
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W+~ Cross Sections

O Total W*/W- Cross-section results

2 [ Run9 STAR Preliminary p+p \'s =500 GeV W-—e+i, W+—etsiyp,
~ - Kinematic acceptance: |n | < 1 and £7 > 25 GeV — — _
© 90 o(W* = e +v,) N l;)b, N 013 .
" . ’ Niack 25 73 16 737
80— ¢ €total 0.56 *069 0.56 Tooa
C I [ Ldt (pb~1) 13.7+3.2 13.7 £ 3.2
70\
- 1 w*
60— STAR Preliminary Run 9 (p+p /s=500 GeV)
50(- +10 .
- T Ow+—et+p = 61 £ 3 (stat.) ;3 (syst.) £ 14 (lumi.) pb
40— B Lo Uncert. % yes Resum.
30E B Sae Uncert & CTEGSM Resum OWw-—e-4+p = 17+ 2 (stat.) T2 (syst.) + 4 (lumi.) pb
20 I + & e 4 W' O Reasonable agreement between measured and
10r theory evaluated cross-sections within
of

uncertainties!
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Mini Summary
First W* Measurements from Run9 500 pp!

‘g E + Raw counts (Positive Charge)
3 F (EMCal cluster associated with track)
. B — Data driven BG estimation
107 = (10-20GeV assumed to be all BG)
E — BG+PYTHIA (normalized)
= N
0 PHENIX
. Preliminary
10 E
:llll III!IIIIIIH_I IIlllIIII
0 10 20 30 40 50 60 70
pT[GeV/c]
J. Seele (MIT): DNP 2009
2 |
3 120 STAR p+p \s=500 GeV
3 L
I cluster Iyl<1
100 n W candidates
—+— QCD backg. est.
—+4— Backg. subtr. Ws
80[
60 3
L8
£
40 ¢
5
.......... 20 e eee X
0 | SRy S
‘ 2009 STAR Preliminary
ri i | | | I
10 20 30 40 50 60 70

EMC cluster E (GeV)

AL - STAR Preliminary Run9 \s=500 GeV
| Ptpo W set+v
0.4 E$>25GeV W

l o [

0.2 —

o, - O.

- AL= _G+ + o.

xxxxxxxxx

W+ RHICBOS

—— DSSV08

yst. uncertainty due to abs.

polarizatiTn and backgroulnd

-2 -1 0 1 2

leptonn
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* Trigger

WHH-2u+"~

%
(7
%4,

o,
73
4,

ZDC South
jE=
MulD

Central Magnet

Side View

2008 PHENIX Detector

s III

zZDC Noﬂ

upgrade:

— MuTrig

Uses fraction of signal in Muon
Tracker

Tested in Run10

— RPC3

Fast timing
North commisioned in Run10

South will be installed this
summer

Background Reduction
Absorber

Reduce background hadrons
by order of magnitude

Will be installed in both arms
this summer
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Aq and Aq through W~ decay

(DOE Milestone HPS, 2013)

o -0 N Ad(x,)u(x,) — Au(x,)d(x,)

W+ v v
AL = — <« 3 _ ! H
O +0 u(x,)d(x,)+d(x,)u(x,) W y ) .
Jr—— W —p
u ol
Au Ad Ad Au d T
w W —
A" — and —=. A" — and —. u
u d d u
0.04 Present linlliis ] | Prleselmtl llln‘u;ls
—  with 200 pb-l PHENIX data (incl muons) 005 — with 200 pb  PHENIX data (incl muons)

-0.02

DSSV 0.04 ~ DSSV -

- 2= —_ — .
002F X Au (de Florian) x Ad (de Florian) -
B T T e e ]
10~ 100 10 10~ 100 10

X X



Part ll: Transverse Spin P

Large Transverse Single Spin Asymmetry (SSA)
in forward meson production persists up to

RHIC energy.
AGS 22 GeV beam
s 60 -
é é g Carbon 21.6 GeV/c
ZGS 12 GeV beam oy Hydmgenmzﬁwﬁi iL
0.50 T | T | 20+ sl ‘
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& 0.00 | g HOLET éﬁ+
% ~5040.45 0.5 0.55 0.6 0.65 0.7 0.75 0.8 0.85
—0.25 |- - ¢
PRD65, 092008 (2002)
—0.50 . L L '

00 02 04 06 08 1.0

XF
PRL36, 929 (1976)

nysics Program

FNAL 200 GeV beam
R e
0.4 — ‘% —
m Iﬁ q“ R .
0.2 — —
] £ 3 ¥ _
olen g
-0.2 o 2 3 ‘ ‘——
-0.4 — oo {) ‘}—'
N P | ] i

0O 0.2 0.40.608

Xy

PLB261, 201 (1991)
PLB264, 462 (1991)

Non-Perturbative cross section

RHIC 20,000 GeV beam

=0.013)
o
=Y

CNI
N

A, (Assuming A

o
[N
T

o
o

-0.2

e 7”mesons
O Total energy

Collins

-- Sivers

-— Initial state twist-3
— Final state twist-3

{Ppp=101113 15 18 21 24 GeVic

0

1 1
0.2 04

PRL (2004)

1
0.6

> Perturbative cross section

31



Possible Mechanisms ...

Sivers mechanism: Correlation Collins mechanism: Transversity
between nucleon spin and parton ky (quark polarization) * asymmetry in the

Phys Rev D41 (1990) 83; 43 (1991) 261 jet fragmentation  n, . phys B396 (1993) 161

Sp Sp

Orbital Angular Momentum?
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Theory: K; vs Collinear Factorization

= h
* Tran. Mom. Dep. Funs - @
— Sivers Fun
— Collins Fun @

d'o'(pp = h+X) IPRWLACACL T’ N
dx,dx,dz 7 dx,dx,

e Twist-3 collinear

— Quark-gluon correl.
— Gluon-gluon correl.

N

TMDCollinear/Twist-3

\pT
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0.05

R

p+p > °+X vs=200 GeV

7° mesons

® 3.7<n<4.15
¥ 3.4<n<4.0

B 3.05<7<3.45

Forward =i° Single Spin Asymmetry(SSA)

At Vs=200GeV, mt° cross-section measured by STAR FPD is consistent
with the NLO pQCD calculation. Results at <n>=3.3 and <1>=3.8 have
been included in the DSS global pion fragmentation function analysis.

(Phys.Rev.D75(2007) 114010)

_do'-dot  1N'St SN

3 A = -
N | |

[<n>=3.3"~ do' +do P\/NTS¢ +\/STN¢
_1 ~

NLO pQCD calc. -

- NLO pagh cale > Ay p+p = T +X at vs=200 GeV
—2- — — Kretzer FF <n>=38 ot A
e el 0.151 g =pin’ Phys.Rev.Lett.101:222001,2008

SpiN '
E. (GeV) | Left | Right , - .
Phys. Rev. Lett. 97 (2006) 152302 - - - -. Sivers (HERMES fit)
‘ Ayvs. p_for x> 0.4 GeV | 0.1 { e
I } + 0 025 0 025 3
B ; ' vy mass (GeV/c?) ;
i ¥ 0.05 .
i l ++ + <n>=3.7 <n>=3.3
B + Black Points: Phys.Rev.Lett.101:222001,2008
__ + p+p — n°+X at Vs=200 GeV O { EIQ‘E }-“Al
[ ] Runs 3, 5, and 6 }

: ®  Run 8 STAR Preliminary, <> = -4.1 N~/ N » A

| S T TN N AN TR SO TN SO SN SO SN ST SR (S SO S SR S NN S SR SRR | | | |

! o8 2 23 3 0 (G;:I/c) -0.5 0 0.5 -=0.5 0 0.5 X 34
Fvonorozes Y rachenber, T AR arXiv:0801.2990v1 [hep-ex] 34 7F
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P, Dependence of A

For Fixed X;, the asymmetry A, does not fall with p; as predicted by models
and perhaps expected on very general grounds.

Ay p+p —> m°+X at vs=200 GeV

0.08 <XF>=O.28
e FPD data

0.04

0.0 -

[ <x>=0.32
| e Sivers (E704 fit)
| — twist—3

- E
‘e !

.

‘e

......

I|1IlI|IIII|IIIIII

0.08+ <XF> 0.37

<x>=0.43

II|1III|IIII|IIIIII

0.12+ <xg>=0.5

L <x,_-> 0.6

‘e
.

.
ot

0.1 —
0.06 - —
|||||||||||||1“||||||_|||1|||||;‘|.7‘-|==|r|’_|m-|“|||1|
0.02 1 2 3 4 1 2 3 4
Phys.Rev.Lett.101:222001,2008 pTi Ge\//c

U. D’Alesio, F. Murgia, Phys. Rev. D 70, 074009 (2004).
J. Qiu, G. Stelman Phx\ Rev. D 59 014004 (1998).

v' NLO PQCD does describe
the size and shape of this
forward mt° cross section.

v Model calculations (Sivers,
Collins or twist-3) can explain
the X; dependence of A,

X Flat or increasing dependence
of A on p; is very difficult
to understand within any of
these frameworks!
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*’n Latest Run 8 REsults: p-dependence of n A

p+p— °4X at vs=200 GeV

3 6 * Large solid angle of FMS allows

> simultaneous mapping of x; vs p; with
! greater statistics

© 4 A, p+p — n°+X at vs=200 GeV

| ® run3,5,6 (0.4 < x)
A run8 FPDeast (0.4 < x;) STAR Preliminary
0.1 ®m run8 FMS (0.4 < x < 0.8) STAR Preliminary

SEREE

0 10 20 30 40 50 50 70 80 90 100 | ﬁ

0

E, = 100 x x¢ (GeV) or

Black: Phys.Rev.Lett.101:222001,2008
F.o.M. was smaller in run8 than in run6 - Blue: From Spin2008 talk by J.Drachenberg,

L. arXiv:0901.2763
—> More statistics needed

_0‘05....I....l....l....l....l
Q 1 2 3 4
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A\ P Dependence Remains as a Challenge

VS X

CNI
N_0.013)
o
=y

A, (Assuming A
o
N

o
o

7’ mesons
Total energy

Collins
- Sivers
Initial state twist-3
Final state twist-3

-0.2

AN pt+p— 4% at ve=20u ey

0.15
01250 JSIARFMS
o1k Preliminary Run8
 2.5<n<4
0.075F {
0.05F ¢
: :
0.025 L
4 E s i [ 1]
03 5" s
Tt s
-0.025F
Bl T P T R TS

X

A\ VS Py

Ay p+p — w+X at vs=200 GeV
| ® run3,5,6 (0.4 < x)
A runB FPDeast (0.4 < x;) STAR Preliminary
G

0.05

— ® run8 FMS (0.4 < x < 0.8) STAR Preliminary

—Q.05
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Proton / Antiprofon Beams

Majority valence quark in

polarized proton.
* u for proton
* U for antiproton.

Minority valence quark

« d for proton
« ¢ for antiproton.

Pion containing only
majority quarks: large
positive AN.

Pion containing only
minority quarks: large
negative A,.

Pion containing both
majority and minority
qguarks: intermediate
positive A,.

Polarized
Beam

Proton
izud

Observed Meson

E 704
BRAHMS

19.4 GeV
62.4 GeV

~1GeV/c
~1GeV/c

Patfern from Previous Transverse SSA Measurements of
Forward Pion / Eta Production with High Energy Polarized

+0.15t0 +0.25
+0.2 to +0.25

Comment
on A v

Large
Positive

Proton

uua

ud
0

T .

(wi - dd

E704
STAR

19.4 GeV
200 GeV

~1GeV/c
~2.5GeV/c

+0.10 to +0.15
+0.06 to + 0.1

Medium

Proton
yud

1
o dul

E704
BRAHMS

19.4 GeV
62.4 GeV

~1GeV/c
~1GeV/c

-0.10to -0.25
-0.25 to 0.3

Anti
Proton

uud

7T o du

E704

19.4 GeV

~1GeV/c

0.10to +0.20

Large
Positive

Anti
Proton

wid

0
T .

% (iuz_z —dd )

0.05 to +0.10

Medium

Anti
Proton

uud

+

T ud

-0.10t0-0.25

Proton
uud

n:
(uﬂ—kda——S§)

19.4 GeV

0.50- 0.60

0.25% .09
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PH-<ENIX

New Channels: Heavy Quark

D meson A

e Production dominated by gluon-gluon
fusion at RHIC energy

A A

he

e Gluon transversity zero
- Asymmetry cannot originate from
Transversity x Collins

e Sensitive to gluon Sivers effect (poorly
constrained by pol DIS)

Theoretical prediction:

pTp—> DX
£ 0.3
<—% ,5E [Anlmax for D hadrons
=F  PRD70(2004)074025 )
0.2
------------ g9
045 _ . o
0.1
0.05

-0.05
Anselmino et al, Phys. Rev. D 70, 074025 (2004)

-0.1

-0.1_%. S

PRI [T T ST B | | 1
0.2 -0 0.2 0.4 0.6 0.8

=)
)
|k
=
K

© I[II|IIIII[IIIlIII.Illlllllll llllllllllll TT
/:
_\
\
|
|
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Theoretical Models: J/Psi SSA

can be measured @RHIC/PHENIX!

* Singlet vs Octet channels F. Yuan (2008)
Ay =0 =0
[QQ]™ Q)
] a ——
(I P A‘].h a P I"l'b
(a) (b) (c)

FIG. 4. Only initial state interactions contribute to the SSA in hadron-production process in the color-singlet model (2). On the other
hand, the SSA vanishes in the color-octet model because of the cancellation between initial (b) and final (¢) state interactions.
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<™ e Enix Preliminary(Run6) | 0.2¢
B |AN|, Maximum gluon contribution ; p+p - JIW+X at\Js = 200 Gev
0.2 IA,|. Maximum quark contribution 0.15 :— <pT>=1.GGeV/c (side points) - 2006
5 piE-  <p,>=1.5GeVic (middle point) = 2008
0.1} D->u.- - 1 Sys. Err.
B 0.05—
: ___,_,_..'—""’-/ :
o_ | { -0: [‘}
- I * -0.05F
-0.1— ) C
: A 0.1
oo CopneX atNe=200 Gev o J/Psi A sensitivity, expect results spin2010
-2~ Forward rapidity, 1. n R 015
— W sys. Err. -
: (Scale Uncertainty 50/0 NOt Shown 0 C 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 | 1 1 1 1
-o 3 L1 11 I L1 11 I 1111 l 1111 I 1111 I 111 I L1 11 L1 11 l 1111 I 1111 -;5.15 -0.1 -0.05 0 0.05 0.1 0.15

"0 05 1 1.5 2 25 3 35 a4 a5

Al

Latest Results of Heavy Quark SSA PHTENIX

Probing Gluon’s Sivers Asymmetry

Xr

5
P, (1) (GeVi/c)

* Gluon’s Sivers fun was not constrained well by DIS data

* PHENIX Charm data exclude the maximum gluon Sivers Fun
(Anselmino et al, 06)

*Much improved results expected soon (Run6+Run8)
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Future Opportunity

* Vertex Detectors (2011-2012) f
Large acceptance precision tracking
— Drell-Yan
— Heavy quarks
— Jets

* Forward Calorimeter(2012-20137?)
Proposed PHENIX Upgrade (1< eta<3)
— A, Y, Direct y, y-Jet
— Collins-type measurements

42
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PH-<ENIX
Attractive vs Repulsive ‘“Sivers” Effects
Unique Prediction of Gauge Theory !

DIS: attractive Drell-Yan: repulsive

Sivers|pig = —Sivers|py
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Critical Role of VTX/FVTX for Drell-Yan

to Central arm

prompt
. . Silicon pl
* Tracking muons with MuTr+FVTX \ AR Muonam
— Prompt muons from DY ///;w
— Displaced tracks from /K and heavy |~
quark decays , 40.m
Cowg:g{l ’ \Drlstance -of Closest Approach
SG dimuons
£4 (PE | Efficiency vs mass |
% E > I
g1¢f 3 § 0.9
o Drell Ya” .5 DCA<1ocut:
b o7 Increase DY/bb~5
i ' Y-states -
10 0.6
- . 056 Drell Yan
10 Q N TE
%_ \ 6@/‘ 04
1 \9) 03
E . PR /ST B T I S| Ao S\ N E Charm
0 2 4 6 8 10 12 0.2
Mass (GeV) . 15_ beauty —
SDY:4GeV<M<9GeV; B-background: use FVTX = ﬁ Gomblnatgrlal bagibqrqunci|2 .
mass [GeV]
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Future Transverse Spin Physics: A (Drell-Yan ->p*w)

“Transverse-Spin Drell-Yan Physics at RHIC” (http://spin.riken.bnl.gov/rsc/write-up/dy_final.pdf)

* Important test at RHIC of recent fundamental QCD predictions for the Sivers effect,
demonstrating... attractive vs repulsive color charge forces

% ""/5 ~0.02
L + i
5% oab T :
~ o+ 00 s
S T \
S A [ HERMES N RHIC 11, 250 pb™
< C~—— o 08 :-_ -0.02 - stat. errors onlly Dre I Yon Sivers AN
E .E - L #pirtéz:.ai]..y ]i)enchm
= & i ~0.04 | vpeereninyy
A oy 0.06 + i
: —-0.06
- -
0.04 - + + ~0.08 +* *
0.02 —+ —0.1
L i o PHEN
£ -0.12
] PP = STAR
- -0.14
- 1.*1fnfl,lfnfnfl,nflf1f1,1f1f1f1, L1 | . . | L . ‘ | |
0 1 0 2 0 3 x 0 0.5 1 1.5 2 2.5 3 3.5 4

photon rapidity y




Charm SSA to Probe Gluon Sivers Distribution

D meson Single-Spin Asymmetry:

'r_' =¢ Oor ¢
¢ Production dominated by gluon-gluon fusion h a 7]
-
e Sensitive to gluon Sivers distribution -
e PHENIX-2006 data ruled out the max. gluon Sivers — .
* Much improved results expected (Run2006+2008) h B A (C) » A (E)
N N
Kang, Qiu, Yuan, Vogelsang, Phys. Rev. D 78,114013(2008)
0.3 T T T T T T T T T ! i ! ) !
| 5% scale uncertainty not shown M_ i —_ DO meson
l4<inl<1.9 /,___“A 02k |— 0 _
0.2r 1< pp<5GeVic s —&0 . DO ingson .
L Anselmino et al. s D/D —-pu +X 1
PRD 70, 074025 (2004) 7 (FVTX proj. for 8 pb P =56%)
0.1_pT= 1.5 GeV/c R4
z 01 p.=2GeV 7
0 __________________________
0.1 i e
| | —- Max Gluon Contribution
0 2 B FVTX projection (8 pb'l P=56%) 0.1
1 I 1 I 1 I 1 | | - - -
-U. Ny N : 1 ] 1
0.4 0.2 )? 0.2 0.4 a > 0 > !
" y
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Transverse Physics
W+/- & 70 SSA @500GeV ?

Kang & Qiu PRL 103, 172001 (2009)

* Latest theoretical progress . " of v
n2s| 0:0-<3 GoV
— Test time-reversal universality of Sivers 0 aos
functions with W/Z < 015 A
— Expect large asymmetry (from DIS fit) o am aratn
0.
oF
2151050 051 15 ; 215905005 1V 15 2
* Flavor-identified Sivers Funs W+ " -
0ir 0
. . 1 %00 ;::Gov oo o :.E.d)ﬁcc‘t
* Expected Statistics @1fb* 500GeV - oazf
< om < 00; \ .
— WY Dut ~20K o2 an |
— 709> utu ~ 1K ) \ 007
u u -o?!--?-C!--I'O!-O s l.’;?;!- .00325-?-1 5-1-050051 Iﬁ??.ﬁ
y Y

FIG. 3. Ay as a function of lepton rapidity.

W=: 0A, = . P=0.6, N =6300(6900) Z° Kang & Qiu arX 0912.1319

YoAPP2N’

=z 01
~1.5%(1.4%) oo
1
Z°: Ay ~——; P=06, N=380 o
\VP*-2-N ace
= 6.0% oo ;:e::::
70<Q<110 GeV
°-—
> m w w I;D 45 4 05 & 05 1 15
Q ¥

FIG. 3 Left: SSA of Jeptan pair production as s funciion of the paiz's invariant maes Q. Hight: SSA of lepton pair accumulated
wronnd 27 pale as a function of sapidity y. 47
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Renaissance of Transverse Spin Physics

Recent experimental observation of non-
Zero Sivers and Collins effects
— HERMES, 05,09; COMPASS, 05,09; BELLE 06

Very active/rapid theoretical progress

— Spin-dependent TMD
Sivers 90; Colllins 93; Brodsky-Hwang-Schmidt, 02

— Twist-3 quark-gluon correlations (coll.) in DIS
Efremov-Teryaev, 82, 84; Qiu-Sterman, 91,98

— Twist-3 tri-gluon correlations in p+p
Kang-Qiu-Vogelsang-Yuan 08

— Unified picture of TMD and Twist-3
Ji-Qiu-Vogelsang-Yuan 06; Yuan-Zhou, 09

Opportunity for new study of QCD
dynamics
— Sivers Funs in DIS & DY
— Flavor Dep. Sivers Fun & OAM A
— quark-gluon and tri-gluon correlation

Future direction @RHIC-SPIN? T™D Collinear/
wist-3

— Large SSA observed at forward rapidity @RHIC

— Open charm and beauty \)

— Drell-Yan and Vector mesons | pT
— Light hadrons at forward rapidity
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The Forward S-PHENIX Spectrometer (2016+x)

(Courtesy E. Aschenauer)

o Acceptance: -1<n<4 and-24<n<-1.2

o Full jet capability: electromagnetic + hadronic calorimetery

o Heavy flavor tagging, PIDfor: 1<n<4

o W-physics: a) reconstruct missing mass, b) access to hadronic final states

o Opportunity to improve relative luminosity measurement = access to asymmetries < 103

- North Muon
’I
Vi Arm
/’
/
V4
V4
Y
,’ H Silicon Tracker
l C
1 A
\ L Forward
‘\ Silicon Tracker
\
\\
S
\\

49
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Summary and Outlook

Spin puzzle

— Gluon polarization
e Large Ag ruled out ;
* New probes, direct-photon, |

open charm ...

e Larger x-range in the future

Sea quark polarization
— First W asymmetry

observed

— Much improved results in

the future

Transverse spin physics
— Large SSAs observed at

RHIC
— New study of QCD
dynamics
e Charm SSA
e Drell-Yan SSA

- T T Illllll T T IIIIIII T m T TTTTH
— /)ZA b - 03
~ £ RHIC } .
B constraints. |, - 02
-t -\. .
AL 4 04
4 0
~ J 01
- — — GRSV max. Ag .
[ -+ GRSV min Ag | 1 .02
-2 -1
10 10 X
I v I ' 1
— D" meson
02F |— D" meson =
0—0 *
g DD —-p+X
(FVTX proj. for 8 pb P =56%)
0.1F = 4
pp=2GeV

=)
=
1

<o

-0.02 -7 geat

A, [ STAR Preliminary Run9 \s=500 GeV
I PP o>W sef+v
0.4~ E;>25GeV I,,,,f,,J """"
w = ] [‘.'_.'_.".'.'.".'_.:
02 g :
...................
_GC.-0O
\\\\\\\ A=Fas
L e i
W- W+ RHICBOS
------------ — DNS-K
| et —— DNS-KKP
“co ——— DSSV08
02— || deFlorian & Vogelsang
-0.4
Syst. uncertainty due to abs.
polarlzatl?n and backgroulnd |
-2 -1 1] 1 2
leptonn
=0.02
< L

RHIC II, 250 pb™
Drell Yan Sivers Ay

—0.04 z:_qd mtyors
L th b ound
[ STAR FMS
-0.06 #
[ T — ** .........................
—-0.08
-0.1
e PHENIX
-0.12
= STAR
-0.14
| | | | | |
0 0.5 1 1.5 2 2.5 3 3.5 4

photon rapidity y
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. . PH-<ENIX
RHIC/PHENIX Spin Run History and Prospect

RHIC-RUN Pol(%) L(pb) Results
2002 15% 0.15 first pol p+p run@RHIC! Transverse Goals
2003 30% 0.35 r° cross section, A, (1) gggggjgggggzx
2004 40% 0.12 Pol H-Jet, absolute beam polarization
2005 50% 3.5 A, () ruled out large Ag, GRSV-Max-Like @
2006 60% 7.5 first dedicated long spin run P ——
pb e
2.7 Transverse run 70pb1@200GeV
2007 -- -- NO spin run
2008 45% 5.2 short run for HI baseline pp physics
2009 35% 14 first 500GeV run!
55% 16 200GeV CAD Delivered Run9@500GeV
CAD(10.2009): From Run9 experience, reduced the “enhanced” design 100 T : 4
goals: P=70%, £=3 x10°* cm?s™* (or ~7.5 pb*/week) at Vs = 200 GeV P et yd
——STAR (not singles corrected)
12-week Run Delivered: 90pb™ = ;z R deeonelied ///
-1 g 50 ysics / Pt
PHENIX(s=1/3) = 30pb i g4 S
. . o -1 é 30 / /
With hardware upgrade, expect to achieve: 18~83 pbl/week@500GeV P P
20 L~ —
12-week Run Delivered: 220~1000pb-! 10 J/

PHENIX(E:I/Z) = 100~500pb_1 3/5 3/12 3/19 3/26 4/2 4/9

Calendar time [2009]
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0.08f
0.06]
0.04}—

0.02f

Charged Pion A,

* Use RICH (|m|<0.35) to identify pions with

0.5
p>4.7 GeV »
— Cross section in this region is dominated by qg s
scattering
0.2
» Favored/Disfavored FF 2 different gg -
contributions for st*, 7%, 7t due to sign of Au
0 2 4 6 10 12
and Ad o Geth
—> access sign of AG
;_ p+p — mt+ X 50'12;_ p+tp—o 1 + X < 0'12;— ¢ a° Runs-05 and -06 final
— \'s =200 GeV 04 \'s = 200 GeV 04 | B mRune0s 00 03preimiay
PHENIX Preliminary Runs-05, -06, -09 0.08/~ PHENIX Preliminary Runs-05, -06, -09 0.08/ ¢ ™, Runs05-06,-09 preliminary
- No bg correction applied - No bg correction applied C \'s = 200 GeV, PHENIX
— ool 006~
PH ENIX oosf. PHTENIX oosf. PHENIX *
* % 0.02; + 0-023— ﬁ[
---------------------------- e it sl - S %J
-0.022— T T -0-02;
008 -0.045—
s b by b b b v b b Covvo b b b b n o by b v ey 45;61;$l1101l112
4 5 6 7 8 9 10 p: }GeV/J)z 4 5 6 7 8 9 p: }GeV/J)z B, (GeVic)
. ; ) pT[GeVic] . . PTGeVic] . . pTGeVic]
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Direct photon andn A |

A, (Direct-y)

g

~SNT
PH “ENIX

Run 5 PHENIX Preliminary
Run 6 PHENIX Preliminary

g 04—
_j\ Quark-Gluon C
Compton 0.2
q q L

0f—-1-" 1 T

02—

Direct Photon QAL 8% scle uncefsety nk inchuced
m1<0.35 '"!”“I’”"I‘"'"l’“p'(al‘e\},c,
— |m|<o0. "

Quark-gluon compton scattering
process dominates (~80%)

Limited statistics, but unique access to
AG

AG(xy) _ App(p+p — v+ X)|o=g00
G(zr)  Af(zr) x arp(g+q — 7+ q)lor=g00
[aciG
e I T—ac —
S0t [—acom y
0.6.: AG=030
A G=-0.60

0-4;* — AG=1.05

L]
L ] "
= : Compass R%‘ Chi ;m
2ol R. Bennett
B__sMC
10? 10" g
x

— (Im]<0.35)
— Analysis similar to m°®

— Fractional subprocess differ
somewhat

— Independent confirmation of
AG

<j 0.07
0.06
0.05
0.04
0.03
0.02
0.01

-0.01

I|II|I|II|I IlI||IlI||II|I||III||III|I|II|||II||I

-0.02

TN
PH--ENIX Preliminary
—e— 1) data ("05+'06+'09)
—— GRSV-std
----- GRSV Ag=0
— ' - DSSV

oo v v v b v b e e

N

|
3 4 5 6 7 8 9
P; (GeVic)
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Effect of uncertainties on antiquark distributions over asymmetries

already pretty tight bands!  (partly from SIDIS)

Daniel de Florian, RSC’09
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04F
02
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Preliminary Run8 FMS n° A

o

Azimuthal Angle Dependence of A, Ay vs. XF
{765 3.8—crm cells. 7885 5.8—cr g — Consistent with previous measurements

m ce ‘ ce

5100 A pt+p —> 74X at vs=200 GeV
f- HEmE 015
7 - STAR Preliminary
0.125
0.1F
£ F 2.5<n<4
0.075F {
0,05 F E E
0.025 s?
Z} E s . L Y
0 § ....... sR____________= [ S
’ (e
—0.025 :_ stat.errors only
[ Estlmate Otot <1. 2 Ostat
s ; —0.05 Lol | L
A e RS “_';'_" —0 6 0 4 0 2 O 0 2 0 4 0. 6
<cos(p)> XF

PENNSTATE

From SPINOS8 talk by N. Poljack, arXiv:0901.2828 wls b



Sivers Asymmetries in Drell Yan
(IV) Sensitivities with S-PHENIX

0.02
< A7 prediciton
0 _--RHI(SZSO-b-' """""""""""" from Feng Yuan
I DreII’Yon Si/ers Ay and Werner Vogelsang
~0.02 [
i based on Hermes
~0.04 [- data.

Acceptance assumed to

be 2.5 <n < 4. Backgrounds
assumed to be identical to
background in PHENIX
muon arms for Drell-Yan.

_0.14 _ Presently the S-PHENIX

PR RN (U NS SN RSN SN R S .
2 225 25 275 3 325 35 375 4 forward acceptance is
photon rapidity n assumedtobel<n<4
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Color Flow in Twist-3

Kang @this workshop

e From polarized hadron

§ —

¢ From unpolarized hadron

e From fragmentation function

Acgipnx(l1,57) =

Z ¢¢(,3})A($1, T2,57) ® ¢p/B(T") ® Hap—e(£1,57) @ Doryi(2)

abe

| Bt 0 ) 0 e o) 8 Dm0

+
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Generalized Parton Model
e Assume TMD factorization

X D Anselmino et al.

» Spin-dependent cross section:

1 U X
dAo flT(xa’ kaT) ® fb/B (xb’ ka) ® Hab—»c ® Dh/C(zCa pT) non planar 3 )"7 fF( p| non planar
pQCD 3 3 pQCD
dynamics y 9 dynamics

» Spin-averaged cross section:

do X fo)a(ZTa,kar) ® fo/B (T, kor) ® Ho_,o ® Dhe(2e, pr)

TMD factorization breakdown... a failure or an opportunity? Mulders, Xiao..
@this workshop
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Color modification of hard cross sections
due to Gauge Link

Gamberg, Kang
@this workshop

Generalizing GPM... with modified hard
cross sections (gluonic-pole cross sections)
PRL 99 (2007) A. Bacchetta et al,

PRD 72 (2005) A. Bacchetta, C.J. Bomhof,
P.J.Mulders, F.Pijilman

Formula: Two partonic channel contribute to direct photon production:

® g9 — ¢
By oy = 3it[-2- ]
.. GRS
® qq — 7g:
Héq g T Nir; l(’é [3 + %]
g = e[+
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Heavy Quark TSSA (I)
Twist-3 quark-gluon correlation

e Different color factors for charm and anti-

C h a r m . P F. Yuan and J. Zhou PLB 668 (2008) 216-220
q+q —=cC

Q'

Q.
/ P. I
) (b) )
L] N2 -2 2
2N, T 2N,

Initial state Charm Anti-charm
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Ay iq+q —>cc

JPARC p+p
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Heavy Quark SSA(Il) ¢+ g—sc+c

Twist-3 tri-gluon correlation
Consequence of different color factors for charm and anti-charm

Rapidity dependence of D-meson production

OSSA at RHIC: Vs =200 GeV p=1/m2+P? me = 1.3 GeV

<025} <025 _ Kang, Spin2008
: E eson
0'25_ 0'2:_ P, =2 GeV
0.15} 0.15 |
0.15— 0_15_
0.05 0.05
of of
-0.05 - 0.05 |
-0.1 _||||||| -0.1 _|||||||
-4 3 2 1 0 1 2 3 4 4 3 2 1 0 1 2 3 4
Yy Yy

Solid: (DA = Ag = 0.07 GeV Téd) _ c(:f)
Dashed: (Q)Af — Ad =0 Téd) — TC(Jf) =0
Dotted:  (3)A; = —Ag = 0.07 GeV Téd) _ —Téf)

An (D) = Ay(D) if T =0
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